We report the first detection of linearly polarized emission at an observing wavelength of 350 µm from the radio-loud Active Galactic Nucleus 3C 279. We conducted polarization observations for 3C 279 using the SHARP polarimeter in the Caltech Submillimeter Observatory on 2014 March 13 and 14. For the first time, we detected the linear polarization with the degree of polarization of 13.3%±3.4% (3.9σ) and the Electric Vector Position Angle (EVPA) of 34.7
Introduction
Radio-loud active galactic nuclei (AGNs) are known to generate highly collimated relativistic jets. Polarimetric observations at millimeter wavelengths of the radio-loud AGNs find polarized synchrotron emission with the degree of linear polarization in the range of 1%-19% with a mean value of 4% (Trippe et al. 2010; Agudo et al. 2010) . Polarization observations enable us to understand geometrical structure and intensity of magnetic fields, particle densities and structures of emission region (e.g., Saikia & Salter 1988, and references therein) .
Synchrotron emission at millimeter (mm) and sub-millimeter (sub-mm) wavelengths comes from the innermost compact regions of the relativistic jet, most likely from within the most upstream emission region in the compact radio jet (the core) in Very Long Baseline Interferometry (VLBI) observations (e.g., Lee et al. 2008; Jorstad et al. 2007) . The mm and sub-mm emission is typically optically thin and less affected by Faraday rotation than at longer wavelengths (see e.g., Agudo et al. 2010) . Since the amount of Faraday rotation (RM) is proportional to the squares of observing wave-length (λ) as χ obs = χ int + RMλ 2 (where RM 1 is the Faraday rotation measure, χ obs is the observed electric vector linear polarization angle of a source, and χ int is the intrinsic polarization angle), mm and sub-mm polarization observations may experience much less Faraday rotation than centimeter wavelength observations. Provided that the Faraday rotation measure is constant, at λ350 µm, a rotation measure of 1.4 × 10 5 rad m −2 causes a rotation of the Electric Vector Position Angle (EVPA) by 1
• , whereas it causes rotation by 3200
• at 2 cm. Accordingly, such high rotation measures are studied best at (sub)mm wavelengths where χ obs = χ obs ±nπ ambiguities can be avoided. This indicates that the mm and sub-mm observations may be much more efficient to investigate the intrinsic linear polarization properties of the relativistic jets than centimeter radio observations. Previous mm/sub-mm polarization observations include several polarimetric mm surveys of AGNs with the IRAM Plateau de Bure Interferometer (Trippe et al. 2010 ) and the IRAM 30 m telescope (Agudo et al. 2010 (Agudo et al. , 2014 , and polarimetric studies of individual AGNs (Stevens et al. 1996; Jorstad et al. 2005 Jorstad et al. , 2007 Trippe et al. 2012a,b; Plambeck et al. 2014; Martí-Vidal et al. 2015) . These studies report that degree of linear polarization p of the radio loud AGNs is in the range of 1%-19% at mm/sub-mm wavelengths.
Among the radio loud AGNs in these studies, 3C 279 (1253-055, z = 0.538) is one of the brightest, highly polarized AGNs. In 2010 August, as reported by Agudo et al. (2014) , the degree of linear polarizations of 3C 279 was 3.9% ± 0.3% at 3.5 mm and of < 6.6% at 1.3 mm. The EVPA was measured only at 3.5 mm to be 107
• ± 1.8
• . Stevens et al. (1996) showed that 3C 279 was highly polarized with p = 10.4% ± 0.6% and p = 13.5%±1.4% at 1.1 and 0.8 mm. The flux densities of 3C 279 were 7.6±0.5 Jy and 5.3±0.4 Jy at each wavelengths on 1995 August 2. The polarization position angle of 76
• at both 1.1 and 0.8 mm implies that the magnetic field is aligned orthogonal to the centimeter VLBI jet to within about 6
• . Jorstad et al. (2007) also reported that 3C 279 was the most highly polarized AGNs among their sources with p = 3% − 9% at 1.3 mm in 1998-1998 and p = 7% − 11% at 0.8 mm in 2000-2001, and with the mean polarization position angle 67
• at 1.3 mm and 65
• at 0.8 mm. These results clearly show that mm/sub-mm polarization of 3C 279 is significantly variable.
In order to investigate intrinsic linear polarization properties of the relativistic jet of 3C 279, we conducted (quasi-)simultaneous multiwavelength polarization observations at 1.3 cm, 7 mm, 3.5 mm, and 350 µm. In this letter, we present results of mm and sub-mm observations of 3C 279 using the Korean VLBI Network (KVN) and the Caltech Submillimeter Observatory (CSO), which yielded the first detection of linearly polarized emission of 3C 279 at an observing wavelength of 350 µm. Combining the KVN and CSO polarization observations, we aim to study the magnetic field properties in the innermost regions of the jet and their environments. Throughout this letter, we assume a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω λ = 0.7.
Observations and data reduction
We conducted polarimetric observations of 3C 279 on 2014 March 13 and 14 UT using the SHARP polarimeter at the CSO. SHARP is a foreoptics module that adds polarimetric capability to SHARC-II, a 12×32 pixel bolometer array used at the CSO (Dowell et al. 2003; Li et al. 2008) . The wavelength of the observations was 350 µm. We observed 3C 279 for 30 half-wave plate (HWP) cycles, where one HWP cycle consists of the observations of the source at four HWP angles and takes about 7 minutes. The chop throw was 3 ′ or 5
′ and the optical depth at 350 µm ranged from 0.90 to 2.6 (or 0.05-0.1 at 225 GHz). Details about SHARP and data reduction procedures can be found in Davidson et al. (2011) and Chapman et al. (2013) . Following these procedures, we created maps of Stokes I (total intensity) and Stokes Q and U (linear polarization).
We also conducted single dish simultaneous multifrequency (22, 43, and 86 GHz) polarimetric observations of 3C 279 using 21 m radio telescopes of KVN on 2014 March 6, and conducted high resolution simultaneuos multifrequency (22, 43, 86 , and 129 GHz) VLBI observations of the source on 2014 March 22. KVN is a mm-dedicated VLBI network consisting of three 21 m radio telescopes in Korea with the maximum baseline of 476 km (Lee et al. 2011 (Lee et al. , 2014 .
A polarimetric observation of the source consists of on-off switching observations with the onsource integration time of ∼6 minutes. Cross-scan pointing and antenna gain calibration measurements were conducted before every polarimetric observation. We observed planets for calibrating instrumental polarization, and Crab nebula as a polarization angle calibrator. The phase difference between left and right circularly polarized signals is derived from the complex cross-power spectra measured with the KVN digital spectrometer. The complex cross-power spectra are corrected for instrumental polarization using those of planets. The phase of the cross-power spectra are corrected for a phase rotation due to parallactic angle change and then used to estimate the polarization angle. The estimated polarization angle is corrected by χ = 154
• at 22 GHz, 43 GHz, and 86 GHz bands, which is the intrinsic χ of Crab nebula (Wright & Forster 1980; Flett & Henderson 1979; Aumont et al. 2010) . The rms uncertainties of the linear polarization observations are about 10 mJy and 15 mJy at 22 GHz and 43 GHz, respectively. The systematic error of the polarization angle measurements is 2
• at both frequencies. The typical instrumental polarization leakage of the KVN system is < 5% at both frequencies. Details about the data reduction pipeline for the polarimetric observations and the polarimetric capability of the KVN will be described elsewhere (Byun, D.-Y. et al. 2015, in preparation) .
The VLBI observations of the source were conducted as part of the iMOGABA project (Lee et al. 2013) . The source was observed with 3 scans of 5 minutes long each during UT 12:30:00 -15:05:00. The observing frequency band was 22. GHz in left-hand circular polarization. We conducted sky tipping curve measurements every hour in order to trace changes in the opacity of the atmosphere during the observations. The data were digitized in 2-bit sampling mode, and the digitized signals were processed by the digital filter bank to be 16 sub-bands of 16 MHz and divided evenly for four frequency bands. The Mark 5B system at a recording rate of 1024 Mbps was used for recording the data. The correlation of the recorded data was done with the DiFX software correlator. We followed the standard data reduction procedure for the KVN observations as described in Lee et al. (2014) , and obtained the high resolution VLBI images for the source.
The 1 mm (2014 March 7) and 850 µm (2014 March 20) flux density data were obtained at the Submillimeter Array (SMA), an eight-element interferometer located near the summit of Mauna Kea (Hawaii). 3C 279 is included in an ongoing monitoring program at the SMA to determine the flux densities of compact extragalactic radio sources that can be used as calibrators at mm and sub-mm wavelengths (Gurwell et al. 2007 ). Observations of calibrators were conducted every 3-5 minutes, and the measured source signal strength calibrated against known standards, typically solar system objects (Titan, Uranus, Neptune, or Callisto). Data from this program are updated regularly and are available at the SMA website (http://sma1.sma.hawaii.edu/callist/callist.html).
Optical (5000-7000Å) spectropolarimetric data was obtained at the Steward Observatory, as part of a monitoring program of gamma-ray blazars. The data used in this paper is taken on 2014 March 25. The detailed procedure of data analysis is described in Smith (2009) .
Results
Our final map at 350 µm (Figure 1 ) obtained using the SHARP has a resolution of 10 ′′ . Because 3C 279 is a point source at our resolution, we only extracted a polarization vector at the position of the peak flux. Degree of polarization cannot be negative, which leads to a small positive bias, for which we corrected (Hildebrand et al. 2000) . After debiasing, the degree of linear polarization p is 13.3% ± 3.4% (3.9σ), and the polarization angle χ is 34.7
• ± 5.6
• measured east of north. This is the first detection of linearly polarized emission at the observing wavelength of 350 µm from AGNs. The polarization observations using the KVN telescopes at mm wavelengths, 13 mm, 7 mm, and 3.5 mm, have been processed with the KVN pipeline, and resulted in the degree of linear polarization p = 10%-12% and the polarization angle χ = 32
• -41
• . From the optical spectropolarimetric observations, we found that the optical polarization degree is 12.35% ± 0.05% and the polarization angle • ) of the jets observed at 22-129 GHz using KVN. is χ = 40.5
• ± 0.1 • . We summarized the results of the polarization observations in Table 1 .
From the mm and sub-mm polarization observations, we found that the degree of linear polarization increases from 10% to 13% as the observing wavelength becomes shorter and the polarization angle rotates from 30
• to 41
• to east from north and at 350 µm the angle rotates back to 35
• , as shown in Figures 2a and 2b . With the polarization angles observed at multiwavelengths, we estimated RM of −647 ± 206 rad m −2 between 7-13 mm, −2713 ± 766 rad m −2 between 3.5-7 mm and −1022±264 rad m −2 between 3.5 and 13 mm. By assuming that the polarized emission at radio to optical are coming from a very compact region (or the same region), we may be able to estimate the RM of −1005 ± 117 rad m −2 .
The flux densities at 13-3.5 mm were > 18 Jy with a spectral index of α = −0.42 ± 0.01 (S ν ∝ ν α ). The flux densities obtained with SMA are 9.9 ± 0.5 Jy at 1 mm on 2014 March 7, and 7.9 ± 0.4 Jy at 850 µm on 2014 March 20, yielding a spectral index of α = −0.64 ± 0.02. This implies that 3C 279 is a flat spectrum source at cm and mm wavelengths, and its spectrum becomes steeper at mm and sub-mm wavelengths as shown in Figure 2c . We obtained the Planck flux density of 3C 279 from the recently released Planck Collaboration (2013) catalog, which yielded comparable spectral indices of −0.25 ± 0.04 and −0.63 ± 0.01 at the frequency ranges of 44-100 and 100-857 GHz, respectively, with those obtained from KVN and SMA observations. We found that the spectrum of the source becomes steeper at >100 GHz. The difference of the flux densities at the similar frequencies between the KVN/SMA and the PLANCK spectra is mainly due to the source variability.
In Figure 3 , we present CLEANed images for 3C 279 obtained with KVN observations simultaneously at 13, 7, 3.5, and 2.3 mm on 2014 March 22. Circular Gaussian models are fitted to the CLEANed images. The VLBI images at mm wavelengths show core-dominated structures within a few mas and faint jet components in south-west direction. More detailed parameters of the images are summarized in Table 2 . The uncertainties of the parameters are estimated by following Lee et al. (2008) . We found that two comparable jet components separated by <1 mas, i.e., the C1 and C2a(b) components, and they are the brightest jet components in the images at all wavelengths. All jet components are aligned in a mean position angle of −142.4
• , taking into account the estimated jet position angle with respect to the C1 component. The direction of the jets is aligned to the polarization position angle at mm-to-optical within < 10
• . This implies that the dominant magnetic field direction is perpendicular to the direction of the mm jet at mas scales.
Discussion and Conclusions
High resolution VLBI observations of 3C 279 show that the combined flux density of the C1 and C2a(b) components contributes over 90% of the total CLEAN flux density at 13-3.5 mm, and over 70% of that at 2.3 mm, implying that most of mm emission originate from very compact regions within <1 mas (<6.3 pc). Previous VLBI observations also confirmed the compact jet structures (e.g., Jorstad et al. 2005; Lee et al. 2008; Homan et al. 2009 ). In addition to the compactness of the source, our KVN VLBI observations at multifrequency revealed the spectral properties of the innermost regions, i.e., the components C1 and C2. As shown in Figure 2c , there is a break at 86 GHz on the CLEAN spectrum of the source, implying that the source becomes optically thin above the frequency on mas scales. The spectral break seems mainly due to the spectrum of the component C2 which shows very steep spectrum between 86 and 129 GHz. Therefore, we may expect that the component C1 dominates the submm emission and hence the sub-mm (350 µm) emission regions are located within the C1 component.
In order to further investigate the mm and sub-mm polarized emission predominantly originated in the components C1 and C2 (i.e., within <1 mas), the degree of linear polarization at 13 mm-350 µm was fitted with a power law model, p(%) = Aλ β , suggested by Tribble (1991) and modified by Farnes et al. (2014) for explaining external Faraday depolarization (see Burn 1966) , where A is constant, β is a polarization spectral index, and λ is an observing wavelength in cm. A best fit power law to the data yielded A = 10.3 ± 0.08 and β = −0.11 ± 0.01 which implies that the effect of external Faraday depolarization is very small within the observing beams of KVN and CSO. We also expect that our measurements of the polarization with different angular resolutions (10 ′′ -130 ′′ ) are not significantly affected by beam depolarization effect, since the predominantly polarized emission regions are compact enough to be covered by the resolutions. Therefore the best fit result seems to indicate that (a) any existing Faraday screen does not significantly affect the polarized emission of 3C 279 at mm and sub-mm, or (b) a Faraday screen contains a uniform field, even if there is a Faraday rotation by the Faraday screen (Farnes et al. 2014) . In fact, the estimated |RM| of 647-2713 rad m −2 over the wavelengths 3.5-13 mm may indicate that the polarized emission at the wavelengths is passing through a Faraday screen which may contain a uniform field. However, due to the resolution limitation, the observations only probe the overall direction of the magnetic field in the mm emission-dominated region. Obviously, in the future, short-millimeter (and sub-millimeter) VLBI observations (Fish et al. 2013; Tilanus et al. 2014) are much awaited to really probe the geometry of the magnetic field in detail. Jorstad et al. (2007) reported that RM at shorter wavelengths is larger in relativistic radio jet with a wavelength dependence of RM : |RM(λ)| ∝ λ −a , assuming that the Faraday rotation originates in or in close proximity of the jet. For optically thick VLBI cores, where the optical depth is unity, a simple jet model is assumed as the following (see also Lobanov 1998) : the distance r of the emission region to the central engine depends on the observing wavelength λ as r ∝ λ, the electron density n e and the magnetic field parallel to the line of sight B || in the region scale geometrically as n e ∝ r −2 (for the spherical or conical geometries of the jet) and B || ∝ r −1 , and the path length l increases as a function of r as l ∝ r. The RM dependence on the electron density, the parallel magnetic field strength, and the path length RM ∝ n e B || dl gives |RM(λ)| ∝ λ −2 . The authors found a = 1.8 ± 0.5 for eight AGNs observed at centimeter to mm wavelengths. This wavelength dependence of RM was confirmed for 1418+546 with a = 1.9 ± 0.3 (Trippe et al. 2012a), for 3C 84 with a = 2 (Farnes et al. 2014) , and for PKS 1830-211 with a ≈ 2.4 (Martí-Vidal et al. 2015) , although a larger value of a = 3.6 ± 1.3 was reported (Algaba 2013) . For 3C 279, we found that the 7-13 mm |RM| of 6.5 × 10 2 rad m −2 can be scaled by λ −2.2 (i.e., a = 2.2) to get |RM| ∼ 2.7 × 10 3 rad m −2 at 3.5-7 mm, which is consistent with the measured value. This may imply that the Faraday rotation at mm wavelength originate in or in the close proximity of the jet whose geometry is spherical or conical. Caution should be taken here, as this model may not fully apply for the mm emission from 3C 279, since the presence of knots (e.g., shocks) such as C1 and C2 components, visible at mm wavelengths, may indicate that the innermost jet is composed of both smooth and knotty components (e.g., Kudryavtseva et al. 2011) .
The first detection of 350 µm polarized emission of 3C 279, the multiwavelength mm polarization measurements, and the high resolution multiwavelength VLBI observations on mas scales enable us to find that the mm and sub-mm polarization emission of 3C 279 are generated in the compact jet regions within 1 mas scale and affected by a Faraday screen in or in the close proximity of the jet whose geometry is spherical or conical. We also found that the dominant magnetic field direction in the region is perpendicular to the direction of the mm jet at mas scale. 
